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Available online 23 February 2016Wheat has served as a key species for characterising fundamental aspects of mitochondrial biochemistry and re-
spiratory physiology. Respiratory traits are linked to many important agronomic properties, so identifying the
proteins that carry out these molecular processes would deﬁne a new set of targets for wheat breeding. To
date, systematic proteomic investigations into wheat mitochondria have lagged behind other species, due to
the size and complexity of the wheat genome. However this situation is changing with new sequence data in-
creasing the power of proteomics applied to wheat. In this review, we argue that the impact of wheat mitochon-
drial proteomics on wheat respiratory traits can be improved through integrating data from current proteomics
approaches with knowledge from thewheat respiration literature.We present a historical overview of biochem-
ical and physiological studies ofmitochondrial respiration inwheat, highlighting respiratory properties linked to
agronomically important traits, such as biomass production, stress tolerance and cytoplasmicmale sterility. Also,
we summarise the current status of thewheatmitochondrial proteome and present a predicted set of 2000 prob-
ablemitochondrial proteins from Triticum urartu. Finally, we present a set of strategies outlining how future pro-
teomics experiments can be applied to wheat mitochondria, by targeting studies to build on pre-existing
knowledge.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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CMS1. Introduction
Bread wheat (Triticum aestivum) and durum wheat (Triticum
durum) are important crop plants, both nutritionally and economically.
Detailed knowledge of the molecular processes that underpin the anat-
omy and physiology of wheatmay enable the breeding of improved va-
rieties, with higher yields or improved stress tolerance. It is becoming
increasingly common for researchers to apply proteomic techniques
to study the molecular events that underpin agriculturally relevant
traits in crop plants [1]. However, an ongoing challenge for proteomics
researchers has been the limited dynamic range of the analytical tech-
nologies employed (typically ~103–104), compared to the large dy-
namic range of copy number abundance across the cellular proteome
(estimated at ~107) [2,3]. Therefore, in order to document low-
abundance proteins that are often of signiﬁcant biological interest, re-
searchers commonly employ procedures to reduce sample complexityn Plant Energy Biology, Bayliss
Stirling Highway, Crawley, WA
r).
Excellence on Plant Sciences,
ny.
. This is an open access article underand/or deplete high abundance proteins of the sample before under-
taking proteomic analyses. Sample complexity can be decreased via
physiochemical separations of proteins extracted from whole-cell ly-
sates [4]. However, such approaches have the disadvantage that the re-
sultant protein fractions are grouped according to relatively arbitrary
parameters such as size, charge or chemical afﬁnity. This contrasts
with fractionation strategies based upon the targeted enrichment of
speciﬁc organellar proteomes, whereby proteins are fractionated into
groups according to their subcellular location. The major strength of
organellar fractionation approaches is that the proteins that constitute
these subcellular proteomes are highly likely to cooperate in a similar
set of biochemical processes, because speciﬁc cellular functions are
compartmentalised into discrete subcellular locations [5]. Therefore,
proﬁling these sets of functionally related proteins via proteomic ap-
proaches enables researchers to gather deeper information within a
narrower set of biological pathways. This contrasts with data generated
by whole-cell proteomics approaches, which typically gather shallow
information across a wide range of biological processes. When used to-
gether these two approaches can be complementary, with whole-cell
proteomics informing which biochemical process to investigate, and
subcellular proteomics gathering deeper information on that speciﬁc
process.the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Isolated wheat mitochondria have been the biological system
used to characterise a vast array of mitochondrial phenomena rang-
ing from cytoplasmic male sterility (CMS), RNA editing, electron
transport chain composition and function, metabolite transport and
stress response. For example, analyses of isolatedmitochondrial pro-
tein compositionwas used to characterise the keymolecular changes
that confer cytoplasmic male sterility on hybrid lines of bread wheat
[6] and in some of the initial biochemical characterisations of C-to-U
RNA editing [7,8]. Furthermore, bread wheat mitochondria were
used to characterise the processing of mitochondrial precursor pro-
teins by complex III [9,10] and to deﬁne complex I subunit composi-
tion [11]. Durum wheat mitochondria (DWM) were used to show
that the activity of malate (MAL)/oxaloacetate (OAA) shuttle was
mediated by a MAL/OAA antiporter [12]. The transport of proline
into mitochondria by a proline carrier and a proline/glutamate
antiporter was also ﬁrst characterised by biochemical study of isolat-
ed DWM [13]. Also, analyses of mitochondria isolated from stress-
treated wheat plants have revealed the existence of phospholipase
A2 activity in plant mitochondria [14] and shown that reactive oxy-
gen species (ROS) production inhibits succinate- but not NADH-
dependant membrane potential (ΔΨ) generation and oxygen uptake
[15]. This rich biochemical knowledge gathered over several decades
provides a foundation for further analysis of wheat mitochondrial
function (Fig. 1). As the scope of proteomics moves outwards from
model organisms to encompass crops such as wheat, the application
of mass spectrometry techniques may provide tools to help re-
searchers revisit these earlier characterisations using mass-
spectrometry driven proteomics. Such experiments could deﬁne
the amino acid sequences of the proteins that carry out these func-
tions in wheat mitochondria, and link them to genetic loci.1.2. Comparisons between wheat mitochondria and other species
Dissections of wheat mitochondrial properties have contributed to
our knowledge of the molecular differences between plant species, giv-
ing mechanistic insights into their evolutionary divergence. For in-
stance, the wheat mitochondrial genome lacks the genes encoding
certain Complex II subunits, despite the presence of these genes in the
mitochondrial genomes of some dicots [16,17]. Several analyses have
focussed on the inactivation ofmitochondrial genes encoding ribosomal
and Complex II subunits, and their functional replacement with nuclear
copies [18,19]. Comparing this phenomenon across taxa has furthered
theunderstanding of plant evolution and speciation,withwheat serving
as a touchstone species for these analyses [20]. In the grasses, a single
chimeric nuclear gene encodes two proteins localised to the mitochon-
drion: the Complex II subunit SDH2, as well as the ribosomal subunit
RPS14 [21]. The two genes share a single presequence, and alternative
splicing controlswhich exon is conjugated to thepresequence andproc-
essed into mature form [22]. Other differences in wheat nuclear
encoded mitochondrial genes when compared to dicots include the
lack of the type 2 alternative oxidases, and the long gene form (with a
large N-terminal repeat) of the pyruvate dehydrogenase complex
(PDC) subunit dihydrolipoamide dehydrogenase [23,24]. Isolated
wheat mitochondria have been used to examine inter-species differ-
ences in the import of tRNA sequences [25], and the editing ofmRNA se-
quences [26]. However, the molecular mechanisms determining why
mitochondria from different species exhibit these sequence speciﬁcities
are poorly characterised.We propose that these earlier studies could be
revisited and expanded upon using mitochondrial proteomic analyses
(Fig. 1). Data generated by such work could enable researchers to ex-
plore the protein-level mechanisms possessed by wheat mitochondria
that distinguish them from other species, and shed light on wheat's
complex evolutionary history.1.3. Wheat respiratory physiology
Descriptive investigations of wheat respiratory rates have been re-
ported since the advent of modern plant physiology [27]. At ﬁrst glance,
it seems quite straightforward tomeasure the respiration rates ofwheat
plants, simply by analysing the rates at which tissues consume O2 and
release CO2when incubated in darkness. However, it is very challenging
to completely document the respiratory ﬂuxes occurring in a wheat
plant across its entire life cycle, with particular difﬁculties arising
when measuring the respiratory rates of leaves during the day, as well
as designing gas-exchange systems that can accommodate roots and
stems [28]. Nevertheless, dozens of analyses of wheat respiration rates
from selected tissues are present in the literature, which have enabled
researchers to draw conclusions regarding the fate of ﬁxed carbonwith-
in a wheat plant, building our knowledge of how respiration is linked to
biomass and yield of this important crop (Fig. 1).2. Key themes in the wheat mitochondrial literature
In this review, we argue that wheat mitochondrial proteomics can
be applied to deepen our knowledge of the biomarkers for a wide
range of target breeding traits. This section gives an overview of the
key themes that already exist in the wheat respiratory literature,
which could guide the direction and target the analysis in future prote-
omics experiments. A table summarising these themes is shown in
Table 1, and aworkﬂowof proteomics strategies to build our knowledge
is shown in Fig. 1.2.1. Increased biomass production via favourable carbon balance
Over several decades, the results of studies investigating wheat res-
piration have contributed to theories aiming to explain andmodel plant
respiration, particularly the inﬂuential paradigms of carbon balance and
growth/maintenance respiration [29]. The framework of carbon balance
posits that the amount of carbohydrates that can be allocated to growth
of new tissue is dictated by the sum total of CO2 gained through photo-
synthesis minus CO2 lost by respiration [29,30]. This concept is support-
ed by studies across a number of species,where carbonbalance analyses
have shown that faster growing plants allocate a smaller fraction of their
ﬁxed carbon to respiration [31–33]. In breadwheat, this is supported by
the ﬁnding that faster-growing Canadian wheat genotypes exhibited
slower rates of ﬂag leaf respiration compared to cultivars that accumu-
late less dry matter [34]. Thus, it can be posited that enhanced produc-
tivity of wheat could be gained by selecting genotypes for slower
respiratory rates [35]. Despite showing some initial promise in ryegrass
[33], this trait has proven difﬁcult to maintain across generations and in
varying environments [36,37]. This is probably because respiration is
entangled with a suite of other cellular phenomena, so it is difﬁcult to
achieve stable and reproducible reductions in respiratory rate without
sacriﬁcing crop productivity. That said, perhaps it is time to revisit strat-
egies that target slow respiration in order to achieve favourable carbon
balance, because the application of new technologies can enable us to
study these phenomena with greater mechanistic insight [37]. Such an
approach is illustrated by the generation of higher-yielding canola ge-
notypes through selection for slower respiration rates across multiple
generations [38]. Proteomic analyses could reveal the molecular mech-
anisms underpinning slow respiration rates and favourable carbon bal-
ance, thereby unveiling novel breeding targets (Fig. 1). One potential
strategy involves comparative mitochondrial proteomics between
wheat genotypes that differ in their respiration rates, to characterise
the protein-level differences in slower-respiring genotypes that exhibit
faster growth [34]. Due to the entanglement of C and Nmetabolism, it is
likely that any strategy to boost wheat yield via carbon balance would
also need to incorporate boosted nitrogen availability in grains.
Table 1
Literature studies that link mitochondrial and respiratory properties to agronomically important traits in wheat.
Target trait Mitochondrial mechanism Biochemical or physiological literature Proteomics literature
Biomass production Favourable carbon balance McCullough 1989 [34]
Low maintenance expenditure McCullough 1993 [40]
Respiratory efﬁciency Flavell 1977 [47], Barratt 1977 [136]
Stress tolerance Induction of ROS defences Sairam 2002 [137] Selote 2006 [138] Jacoby 2010 [100], Jacoby
2013 [139], Jacoby 2015 [52]
Respiratory homeostasis under stress Vassileva 2009 [54], Kurimoto 2004
[140], Kasai 1998 [58], Liu 2004 [141]
Speciﬁc protein isoforms linked to tolerance Jacoby 2010 [100], Jacoby
2013 [139], Jacoby 2015 [52]
Novel stress-induced mitochondrial proteins Pastore 1999 [60], Kolesnichenko 2005
[63], Borovski 2000 [64], Trono 2013 [13]
CMS Aberrant ETC. complex abundance Wang 2015 [72]
Organ-speciﬁc respiratory
properties
Grain respiration synchronised with starch remobilisation Aranjuelo 2009 [80]
Slower root respiration Koshkin 1989 [83]
Photosynthesis support Alternative pathway engagement Azcon-Bieto 1983 [85], Bartoli 2005 [86]
CO2 fertilisation Faster sink respiration in roots and grains Aljaizari 2015 [97]
Fig. 1.Application ofwheatmitochondrial proteomics to deﬁne speciﬁc breeding targets. First, historical literature can informdiscovery experiments that search formitochondrial proteins
linked to a speciﬁc respiratory trait. Once candidate proteins are identiﬁed, a targeted proteomics approach can deﬁnewhich speciﬁcmitochondrial protein isoforms are key determinants
of the respiratory trait. To determine which speciﬁc isoforms to proﬁle with SRM, allele-speciﬁc assays can be designedwith reference to published proteomics catalogues and subcellular
predictions. SRM: Selected Reaction Monitoring.
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Another dominant paradigm used to interpret respiration rates in-
volves separating the physiological purpose of respiration into two
components; growth respiration, which fuels growth of new tissue;
and maintenance respiration, which fuels the maintenance of existing
tissue [29]. Studies analysing the respiratory properties of wheat were
key to the development of the growth/maintenance paradigm [39,40].
Methodological approaches that separate total respiration rates into a
growth and a maintenance component were helpful in synthesising re-
spiratory measurements with growth rates across species that differ in
relative growth rates [41]. However, it is challenging to combine the
growth/maintenance framework with our understanding of cellular
biochemistry. This is because a myriad of biochemical processes con-
sume ATP, and it is difﬁcult to measure the rate of each reaction and de-
ﬁnitively categorise whether it serves either ‘growth’ or ‘maintenance’
[29]. Current models of cellular metabolism in growing tissues allocate
around 50% of ATP hydrolysis towards serving maintenance and
turnover processes, but the individual reactions that constitute this
summation are neither speciﬁed nor quantiﬁed [42,43]. That said, the
application of new technologies is furthering our mechanistic knowl-
edge of fundamental processes that consume signiﬁcant portions of cel-
lular ATP, such as the turnover rates of individual proteins [44], and the
translocation of ions across membranes [45]. Perhaps further applica-
tion of these techniqueswill identify inefﬁciencies in cellular energetics,
and inform strategies to promote biomass production by minimising
the fraction of respiratory ATP that is devoted tomaintenance processes.
2.3. Respiratory efﬁciency and biomass production
Another strategy for boosting biomass via mitochondrial traits in-
volves focussing on phosphorylation efﬁciency, where high amounts
of ATP are yielded per unit of substrate oxidised. It can be asserted
that efﬁcient ATP production supports fast growth by minimising
wasteful carbon expenditure [46]. This is supported by a correlative
link between efﬁcient oxidative phosphorylation and grain yield ob-
served across English wheat genotypes [47]. This varietal comparison
could guide future proteomics experiments aiming to investigate the
molecular mechanisms of efﬁcient oxidative phosphorylation used by
high yielding cultivars. However, there are scenarios where slow respi-
ration rates or high ADP/O values can potentially be detrimental to plant
survival and productivity. For instance, research using canola showed
that there is a limit to the growth advantage conferred by selecting
progeny for slower respiration rates. In these experiments, a line
where respiration rates dropped below a certain threshold failed to ex-
hibit faster growth rate, probably because energy provision did not
meet baseline demand [38]. Also, faster respiration rates could be
favourable during environmental stress in order to meet the ATP re-
quirements of cellular defence strategies [48]. Regarding phosphoryla-
tion efﬁciency, mutant phenotypes have illustrated that bypasses of
the classical oxidative phosphorylation pathway help to promote sur-
vival under abiotic stress treatment [49,50]. So rather than focusing on
a single respiratory property, understanding the ﬂexibility of the plant
respiratory apparatus may enable the rational engineering of useful
traits. Perhaps molecular strategies could be used to promote slow
and efﬁcient respiration that maximises biomass production during op-
timal conditions, but ﬂexibility to ensure that energetic bypasses are
rapidly engaged to cope with stressful conditions.
2.4. Wheat mitochondria and environmental stress
Stress tolerance is an incredibly complex trait, involving a multitude
of developmental, physiological and biochemical processes. Compared
to other organelles, it has been posited thatmitochondria are dispropor-
tionately involved in stress tolerance, probably because they are a con-
vergence point between metabolism, signalling and cell fate [51]. Themitochondria of wheat have also been a major focus of research into
stress response in plants for many years. For example, Naydenov et al.
[52], have shown that 13 and 14 mitochondrially encoded genes are
chilling and salinity responsive respectively. An obvious follow-up pro-
teomics experiment would involve proﬁling the abundance of the pro-
teins encoded by this set of transcripts following exposure to abiotic
stress treatments. A recent study proﬁled the NaCl responses of isolated
wheat mitochondria, showing that phosphorylating versus non-
phosphorylating electron transport chain (ETC) pathways are differen-
tially stimulated by media containing high NaCl concentrations [53].
Wheat leaf mitochondria have been shown to accumulate oxidatively
modiﬁed proteins during drought, at an incidence that is disproportion-
ately higher compared to chloroplasts or peroxisomes [54]. Future
proteomics experiments could aim to deﬁnewhich speciﬁcwheatmito-
chondrial proteins are susceptible to carbonylation, and whether these
modiﬁcations exert an impact on their function. Biochemical and phys-
iological comparisons between wheat cultivars have identiﬁed differ-
ences in mitochondrial function that can be correlated to varietal
stress tolerance. For instance, mitochondria isolated from a drought tol-
erant wheat variety displayed greater respiratory homeostasis com-
pared to mitochondria isolated from drought sensitive varieties [55].
During cold acclimation, the respiratory capacity of the alternative path-
way of a freezing tolerant variety signiﬁcantly increased compared to a
freezing sensitive variety [56]. Furthermore, varieties that exhibited re-
spiratory homeostasis across different temperatures showed a tendency
to maintain their relative growth rate (RGR) under cold treatment [57].
Other studies have characterised similar links between stress tolerance
and respiratory homeostasis across wheat genotypes, under drought
[58] and salinity [59]. Furthermore, results of a drought-rewatering ex-
periment showed that a tolerant wheat genotype possesses the ability
to rapidly return to baseline respiratory rates upon rewatering [60].
Each of these studies provides a foundation for comparative mito-
chondrial proteomic investigations between contrasting varieties,
which could unravel the mechanistic bases for these differing
phenotypes.
Research in wheat mitochondria also provided the initial identiﬁca-
tion of several novel stress-induced proteins. For instance, an ATP-
inhibited K+ channel, the PmitoKATP, was ﬁrst characterised in durum
wheat [61]. Subsequent work has shown that PmitoKATP is activated
under salinity conditions, and it has been proposed that thismechanism
controlsmitochondrial ROS production by dissipating theΔΨ across the
inner mitochondrial membrane, in co-operation with other mecha-
nisms such as pUCP [62,63]. Wheat mitochondria were also used to
characterise the activity of a cold-induced protein (CSP 310) that is
able to uncouple oxidative phosphorylation in a mechanism that
appears to accept electrons from complex I and pass themdirectly to cy-
tochrome c, thus bypassing complex III [64]. In addition, wheat mito-
chondria contain cold inducible dehydrin like proteins [65,66], and an
osmotic stress-induced phospholipase A2 [14]. Presently, these proteins
are functionally characterised at the biochemical level, but the gene se-
quences encoding these proteins are unknown. Proteomics approaches
could help to deﬁne the amino acid sequence of these proteins, and then
these data can be linked to genetic databases in order to deﬁne potential
wheat-speciﬁc genes thatmight serve as breeding targets for cold, salin-
ity and drought tolerance (Fig. 1).
2.5. Wheat mitochondria and cytoplasmic male sterility (CMS)
In a range of crop species, CMS is exploited to confer hybrid vigour.
Manywheat varieties exhibit CMS, and the utilisation of heterosis to en-
hance yields in autogamous wheat has been a long-term aim of much
research [67]. However, it has proved difﬁcult to harness CMS in
wheat breeding programmes, with less than 1% of the total world
wheat area is planted with hybrid wheat and of this only 0.2% is pro-
duced from CMS systems, mainly in China and India and derived from
Triticum timopheevii [67,68]. Much research was focussed on
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recently new attempts have been made based on novel sources of
CMS and complementary fertility restorer genes derived from the wild
barley Hordeum chilense [69]. Currently no durumwheat hybrid variety
ismarketed, but breeding companies have restarted development of hy-
brids using chemical hybridisation agents or CMS from T. timopheevii
[67]. The mitochondrial involvement in many CMS systems is well
characterised in the literature [70], so a deeper biochemical and genetic
understanding of mitochondrial CMS systems in wheat could enable a
targeted strategy to guide the selection of appropriate maintainer and
restorer lines [71]. One approach to deepen our mechanistic under-
standing of CMS involves comparative mitochondrial proteomics be-
tween male-fertile versus male-sterile wheat varieties, as has already
been conducted in two cases [72,73]. The more recent and comprehen-
sive study from [73] showed that multiple ETC subunits were down-
regulated in the male-sterile line, perhaps indicating an abnormality
in ETC complex assembly that causes a malfunction in pollen develop-
ment due to insufﬁcientATP supply. Although this study doesn't directly
pinpoint the gene(s) responsible for male-sterility, its application of
proteomics has given clues to the speciﬁc ETC subunits that might be
disrupted in a male-sterile wheat line. There are also examples of how
proteomic investigations of isolated mitochondria have contributed to
our understanding of heterosis and CMS systems in other species
[74–76]. We propose that similar approaches could help to deepen
our mechanistic knowledge of various wheat CMS systems, due to the
increasing power of proteomics for biomarker development.2.6. Organ-speciﬁc respiratory properties
Developing wheat grains exhibit fast respiratory rates, which out-
weigh their rates of photosynthetic CO2 ﬁxation, making them net car-
bon sinks [77]. High respiratory ATP supply in wheat ears is necessary
to support the myriad of biosynthetic reactions that occur during seed
development, because the complex set of proteins and cell wall poly-
mers contained within a wheat seed are synthesised in situ from rela-
tively simple precursors transported through the peduncle [78,79]. In
order to provide sufﬁcient substrate to meet the catabolic capacity of
ear respiration, sugars must be transported from other organs into the
developing seed. 13C labelling experiments indicate that under well-
watered conditions, the CO2 released by respiring ears carries the isoto-
pic signature of newly ﬁxed sugars acquired by ﬂag leaf photosynthesis.
However, under drought conditions, the substrates that fuel grain respi-
ration are largely derived from remobilised sugars that were ﬁxed ear-
lier in the plant's life cycle and stored in stems [80]. This has relevance
for strategies to boost drought tolerance of wheat via remobilisation of
stored carbohydrates [81]. Speciﬁcally, carbohydrate remobilisation
could be synchronised with high respiratory capacity in developing
grains. One recent study has used proteomics to analyse how high tem-
perature stress affects wheat grain protein composition, showing that
high temperatures induced a higher abundance of redox enzymes and
a lower abundance of starch synthesis enzymes [82]. This suggests
that high temperature stress induces a severe oxidative stress in devel-
oping grains, and that cellular ATP utilisation is reallocated towards de-
fence processes. Perhaps future proteomics studies could investigate
whether respiratory ATP provision is a limiting factor for grain quality
under high temperature stress, due to the high energetic demands of
redox defence. Root respiration is another major sink for ﬁxed sugars
[83], and there is evidence that newer, higher-yielding, Russian wheat
cultivars allocate a smaller fraction of ﬁxed carbon towards root respira-
tion compared with historical cultivars, which presumably enables a
greater fraction of sugars to be allocated to grain development [84].
However, selecting genotypes for slow root respiration may be an un-
wise strategy to enhance yields across all contexts, because the ATP de-
rived from root respiration fuels active transport processes vital for
nutrient uptake [85].2.7. Interactions between photosynthesis and respiration
Over the last three decades, the interaction between respiration and
photosynthesis in illuminated leaves has attracted considerable interest
from plant physiologists. Wheat has served as an important biological
material to advance our physiological understanding of which speciﬁc
mitochondrial processes are crucial for supporting photosynthesis in il-
luminated leaves. For instance, illustrative experiments in the 1980s in-
volved measuring respiration rates at different time points during the
light–dark cycle in the presence of biochemical inhibitors targeting spe-
ciﬁc ETC. complexes: cytochrome oxidase (COX) that can be inhibited
by potassium cyanide (KCN), and alternative oxidase (AOX) that can
be inhibited by salicylhydroxamic acid (SHAM). Thiswork provided sig-
niﬁcant new knowledge about the relationship between illumination
and the two respiratory oxidases. Experiments showed that AOX activ-
ity makes only a minimal contribution during respiratory oxygen con-
sumption at the end of an 11-hour night period, but that respiratory
ﬂux through AOX becomes highly engaged after several hours of illumi-
nation, with concomitant changes in the respiratory quotient as oxygen
consumption is decoupled from TCA cycle ﬂux [86]. Subsequently, ex-
periments in wheat showed that AOX inhibition via SHAM induced a
dramatic reduction of various photosynthetic parameters of drought-
stressed plants, whereas no signiﬁcant effect was detected in well-
irrigated plants [87]. This knowledge gathered in wheat provided a
foundation for subsequent analyses in other species that are more ame-
nable to genetic and molecular biology techniques, where mutant phe-
notypes were used to decipher the speciﬁc genes encoding respiratory
components that play an essential role in supporting photosynthesis
in illuminated leaves [49,50]. Building on these ﬁndings, some strategies
for boosting photosynthetic carbon acquisition now incorporate a respi-
ratory component, aiming to achieve optimal cooperation between
photosynthesis and respiration [88], and we argue that future proteo-
mics experiments could deﬁne target genes for these strategies (Fig. 1).
2.8. Respiration and CO2 fertilisation
As atmospheric CO2 concentrations are increasing at a rapid pace,
there is signiﬁcant interest in understanding how the biochemistry
and physiology of wheat responds to high CO2, with a view to translate
the greater availability of photosynthetic substrate into enhanced bio-
mass accumulation and yield. A number of studies have investigated
the effect of higher atmospheric CO2 concentrations on respiratory
rates of a range of crop plants, but these experiments have produced a
diverse array of data that is often contradictory [89,90]. A signiﬁcant
body of short-term experiments provided evidence for direct inhibition
of respiration at high CO2 [90], and these corroborated enzymological
data showing that certain mitochondrial enzymes are directly inhibited
by CO2 under laboratory conditions [91,92]. However, it is now general-
ly accepted that these reports of short-term inhibitions on individual
tissues and whole plants were in fact artefacts, caused by the inherent
difﬁculties in measuring the relatively small respiratory CO2 ﬂuxes
while dramatically manipulating chamber CO2 concentrations [90,93].
When these artefacts are avoided, it seems that external CO2 does not
exert direct physiochemical inhibition on respiration rates at atmo-
spherically relevant concentrations [90]. That said, altered respiratory
rates under high CO2 conditions are often noted inwheat and other spe-
cies, likely due to variations in substrate availability, ATP demand, and
source-sink relations [90]. However, the high variability of these factors
across different environmental contexts makes it difﬁcult to pick out a
universal trend that explains how wheat respiration responds to high
CO2 [93]. Glasshouse analyses of yield have revealed genotypic differ-
ences in the yield stimulation elicited by high CO2 across different
wheat cultivars [94]. From these experiments, it is asserted that dissec-
tion of the physiological traits exhibited by highly responsive cultivars
will help to deﬁnebreeding targets for enhanced productivity in a future
high CO2 world [95]. In the elevated CO2 literature, much attention has
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trait of avoiding photosynthetic acclimation by increasing the strength
of carbon sinks [96]. This provides a mechanistic platform for strategies
that coordinate photosynthetic and respiratory traits under high CO2.
Perhaps genotypes that display fast photosynthetic rates under high
CO2 could be subjected to further breeding efforts in order to incorpo-
rate traits that promote higher respiratory capacity in sink tissues,
such as roots and grains. This strategy rests on the assumption that
partitioning of photoassimilates between source and sink tissues is
close to zero-sum when CO2 is limited, but could become strongly
positive-sum when greater CO2 is available. One option is selecting for
bigger root systems or fast root respiration under elevated CO2, because
together these traits could promote faster nutrient uptake prior to an-
thesis [85,97]. Another possibility is selecting for larger grain size or
faster ear respiration under high CO2, which would support the biosyn-
thesis of energetically costly grain components [98–100].
3. Current state of wheat mitochondrial proteomics
Currently, two publications document thewheatmitochondrial pro-
teome,with Jacoby et al. [101] conducting a systematic analysis ofmito-
chondria isolated from etiolated wheat leaves, using IEF/SDS-PAGE
separation and LC–MS/MS of major protein spots. Also, Kim et al.
[102] analysed proteins from isolated wheat root mitochondria, sepa-
rated using 1D-Tricine SDS-PAGE followed by LC–MS/MS of sliced gel
fractions. Both publications matched peptide mass spectra against a
wheat TC database, with Jacoby et al. identifying 68 mitochondrial pro-
teins and Kim et al. identifying 140 [101,102]. Functionally, the proteins
identiﬁed in both of these works were mainly linked to the well
characterised functions of plant mitochondria, such as TCA cycle, elec-
tron transport chain, photorespiration, carbon metabolism, nitrogen
metabolism, phosphorous metabolism, protein folding, and stress de-
fence. Homology searching to Arabidopsis and rice showed that the
gross composition of the wheat mitochondrial proteome is highly simi-
lar to those from other species. The functional conservation of abundant
mitochondrial proteins across species is probably to be expected, given
the essential role ofmitochondrialmetabolism. However, in Jacoby et al.
[101], the experimentally collected wheat data set revealed that a large
number of peptide sequences were derived from different isoforms of
the same protein, being conﬁdently matched to divergent EST se-
quences but aligned to the same Arabidopsis and rice genes during ho-
mology searching. This indicates that the genetic complexity of wheat
has conferred a greater diversity of protein isoforms within the wheat
mitochondrial proteome compared to Arabidopsis and rice. This could
perhapsmanifest in greater metabolic ﬂexibility of wheatmitochondria
if these different isoforms exhibit differing structural, regulatory or ki-
netic properties.
We have previously developed selected reaction monitoring (SRM)
assays speciﬁc for isoform variants of various ETC components, showing
that they exhibit differential abundance changes upon salinity treat-
ment [53]. This is illustrated in the scheme outlined in Fig. 1, where dis-
covery techniques deﬁne the constituents of the wheat mitochondrial
proteome, and SRM assays of isoform-speciﬁc proteotypic peptides
that derived from discovery MS and literature reports are combined to
proﬁle the salinity responses of targeted proteins.
We anticipate that future studies will greatly expand the published
inventory of wheat mitochondrial proteins (Fig. 1). This will be driven
by increased diversity of studies, where awider range of analytical tech-
niqueswill be employed to proﬁle amore diverse selection ofwheatmi-
tochondria, isolated from a wider range of genotypes, tissues and
treatments. Given the well-established biases and limitations of 2D
gels [103], it is likely that a larger number of wheat mitochondrial pro-
teins could be identiﬁed by gel-free techniques, and the future applica-
tion of such approaches could potentially enable the detection of low-
abundancemitochondrial proteins that are present in wheat but absent
in other species. Furthermore, multiple recent papers have showcasedsequencing data derived from large-scale wheat genetic sequencing
projects. Different groups have used diverse approaches, such as shot-
gun sequencing of the wheat genome [104], sequencing of isolated
chromosomal arms [105], and the genome sequencing ofwheat progen-
itor species [106,107]. The current state of this rapidly moving ﬁeld is
summarised in a recent review [108]. At this stage the ﬁeld still lacks a
stable and universally accepted reference genome, but the continuation
of sequencing efforts should lead to this resource being available soon.
We expect that the availability of a high-quality reference genome
will enable proteomics researchers to dramatically expand the cata-
logue of experimentally identiﬁed wheat mitochondrial proteins.
3.1. Wheat mitochondrial proteins inferred from subcellular localisation
prediction
In order to speciﬁcally target mitochondrial components to engineer
or breed plants altered in a particular trait of interest we need to predict
a set of mitochondrial proteins. When deﬁning the constituents of an
organellar proteome, increased scope and accuracy can be acquired by
combining computational predictions with experimental localisation
data [109]. Analysis of gene sequences from the bread wheat A genome
progenitor, Triticum urartu, supplements this approach by providing the
best comparison for the mitochondrial proteome to diploid species.
Using a suite of subcellular localisation prediction programmes
(AdaBoost [110], BaCelLo [111], Plant-mPLoc [112], PProwler ([113]),
Predotar [114], TargetP [115], WoLF PSORT [116] and YLoc [117]) we
have initiated this approach. Collation of results revealed a consensus
prediction of 2103 proteins likely to be mitochondrial (Supplementary
Table 1). This predicted that the number of mitochondrial proteins is
roughly comparable to Arabidopsis and rice, with Arabidopsis thought
to contain ~2500 [118] and rice ~2000 [119]. This analysis provides a
preliminary insight to the likely components of wheat mitochondria.
The predicted proteins were also matched to their closest Arabidopsis
homologue by a BLASTp search [120] and the predicted subcellular loca-
tion of this homologue was collated from the SUBAcon consensus from
the SUBA3 database [121]. Interestingly this revealed that 106 proteins
that were predicted to be wheat mitochondrial proteins did not have a
BLASTp “hit” in the Arabidopsis proteome (Supplementary Table 2). Al-
though these unmatched sequences may arise from poor gene annota-
tion in the newly sequenced T. urartu genome, another possibility is that
these unmatched genes encode wheat speciﬁc mitochondrial compo-
nents that are absent in Arabidopsis. Furthermore, we have used the an-
notation details of Arabidopsis homologues to generate lists of 302
predicted T. urartu mitochondrial proteins that are likely unknown
function proteins (Supplementary Table 3), and a set of 89 likely PPR/
TPR proteins that have roles as CMS restorers (Supplementary
Table 4). These proteins as putative targets for future proteome re-
search that aims to characterise their speciﬁc molecular function and
to deepen ourmechanistic knowledge ofwheatmitochondrial function.
3.2. Agriculturally relevant gene discovery by deﬁning protein isoforms
linked to phenotype
It is well documented that differences between the primary amino
acid sequences of two proteins can manifest in altered functional prop-
erties. This principle underpins the interest in proﬁling the functional
consequences of nonsynonymous coding single nucleotide polymor-
phisms (SNPs) in humans [122]. Wheat and its relatives in the Triticale
tribe contain a rich pool of isoform variation for exploring the ﬂexibility
of protein function. Due to themultiploid nature of the wheat genomes,
enzymes typically occur in families, each corresponding to a locus on
the A, B, or D genomes [123]. Genetic analyses show that it is common
to ﬁnd differences between the primary amino acid sequences of the
proteins encoded by these different genetic loci [124]. Furthermore,
wheat researchers are exploring the genetic diversity from landraces
and wild relatives in order to widen the gene pool used to breed elite
42 R.P. Jacoby et al. / Journal of Proteomics 143 (2016) 36–44varieties [125]. It is likely that this material will contain differential
amino acid sequences that will have functional consequences. Due to
the high degree of transcriptional and translational control over gene
expression, the true extent of isoform variations is best measured via
protein-level assessment of isoform abundance. Proteomic methodolo-
gies involving tandem mass spectrometry such as selected reaction
monitoring are a powerful alternative to ELISA or Western blot to deci-
pher protein isoforms [53,126,127]. This interpretation of peptide frag-
mentation spectra can enable the researcher to link a speciﬁc isoform to
the trait of interest, whichmight be derived from superior genetic alleles
[101,128,129] (Fig. 1). For instance, mitochondrial proteomics has been
used to compare the composition of isolated mitochondria from two
Australian commercial wheat varieties that differ in salinity tolerance.
This study identiﬁed varietal differences in the abundance pattern of
manganese superoxide dismutase (MnSOD) spots when proﬁled on 2D
gels. Furthermore, two gene-speciﬁc MnSOD peptides likely derived
from an allelic variant of MnSOD were only present in the variety which
exhibits higher salinity tolerance in the ﬁeld [101]. The speciﬁc enrich-
ment of mitochondria by subcellular fractionation was key to obtaining
these insights, as it is likely that the subtle differences in MnSOD abun-
dance between varieties would have escaped detection if whole leaf
proteomes were proﬁled. This is due to the detection limits of current
technologies combined with the high abundance of plastidic proteins, in
particular Rubisco, in whole tissue extracts. Together, these factors
mean that only a few highly abundant mitochondrial proteins will meet
the detection threshold of most proteomics methods, unless mitochon-
dria are speciﬁcally enriched.
Artiﬁcial selectionmethodologies based upon pyramiding favourable
protein isoforms has been proposed as an efﬁcient application of molec-
ular biology approaches to crop breeding. The most striking example of
this involves pyramiding certain isoforms of seed storage protein iso-
forms to enhance ﬂour quality [130,131]. There is signiﬁcant interest in
manipulatingmitochondrial respiratorymetabolism to enhance biomass
and yield in crops [38,132]. However, many genetic methodologies in-
volve ‘sledgehammer’ approaches to genetic manipulation, such as
gene knockout or overexpession, which often result in large dramatic
shifts to metabolic ﬂux leading to impaired productivity. Some re-
searchers have proposed that crop improvement strategies might even-
tually incorporate rational engineering of metabolism at the kinetic level
[133]. Genetic and biochemical comparisons between naturally occur-
ring isoforms of plant mitochondrial enzymes have documented differ-
ing kinetic properties of isoforms of the alternative oxidase (AOX) [134,
135], and malic enzyme (ME) [136]. Therefore, a fuller understanding
of the kinetic variations between different isoforms of mitochondrial
proteins could perhaps be a useful tool for achieving a range of subtly dif-
ferent metabolic steady states in wheat. Such an approach could involve
matching the kinetic properties of mitochondrial protein isoforms with
themetabolic ﬂux states that are desired in certain tissues, or under cer-
tain environmental scenarios.
4. Summary and future directions
For over four decades, isolated wheat mitochondria have been a
widely used experimental system for characterising fundamental as-
pects of mitochondrial biology. Also, many of the most informative
studies of plant respiratory physiology have been conducted in wheat.
Sequencing advances are increasing our knowledge of wheat's complex
genome, which in turn increases the power of proteomics methodolo-
gies applied to wheat. In this review, we collate a set of pre-existing lit-
erature studies that link mitochondrial and respiratory properties to
agronomically important traits in wheat (Table 1), and present strate-
gies for howmitochondrial proteomics can deepen our mechanistic un-
derstanding of these phenomena (Fig. 1). Due to the accessibility of the
mitochondrial proteome and the rich knowledge of how respiratory
properties can contribute to cellular function, we argue that the strate-
gic application of wheat mitochondrial proteomics in both discoveryand targeted modes is likely to discover biomarker genes for agronom-
ically relevant traits in this important crop.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2016.02.014.
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